Bioresorbable scaffolds/stents offer new and exciting perspectives in the treatment of patients with acute coronary syndromes, especially after the recent development of invasive imaging techniques, such as optical coherence tomography, which allow complete assessment of vascu-lar segments. A particular advantage of bioresorbable scaffolds is that once the biosorption of the scaffold is complete, the vascular segment regains its normal physiological functions, thus eliminating the risk of late complications. New studies show the importance of shear stress in the progression of vascular atherosclerosis or in accelerating endothelial turnover. Based on the current knowledge in this field, a future standardized determination of shear stress may help in the long-term follow-up of patients that have suffered or are at risk of developing an acute coronary syndrome.
IntRoductIon
Atherosclerosis is a chronic, inflammatory, systemic disease, which affects particularly the arteries with large and middle caliber. 1, 2 Even though the systemic risk factors for atherosclerosis-dyslipidemia, smoking, high blood pressure, diabetes, chronic inflammatory disorders, genetic predisposition-affect the entire coronary tree, the atherosclerotic lesions are formed in specific segments of the coronary arteries such as the origin of a coronary branch, the external part of a bifurcation, or the inner wall of a vascular curvature, leading to a hemodynamic impairment characterized by a turbulent flow at this level. 3 Local factors, especially hemodynamic forces, play an important role in the regional disposition of atherosclerosis. [4] [5] [6] [7] These local hemodynamic disturbances include endothelial shear stress (ESS), which is generated by the blood flow and the tangential wall tension, the first of which has a fundamental role in development and progression of atherosclerosis.
EndothElIal shEaR stREss
The earliest data regarding the influence of ESS on the location of atherosclerotic lesions was described by Caro et al. four decades ago. 8 Later on, computational simulations of fluid dynamics in autopsy-based models of the coronary vasculature, 9 the carotid bifurcations, 10 and of the distal part of the abdominal aorta 11 indicated that areas with decreased shear stress develop atherosclerotic lesions.
Several in vivo animal experiments also supported the atherogenic role of decreased ESS. [12] [13] [14] In vivo investigations on human subjects, using combined intravascular ultrasound (IVUS) or magnetic resonance imaging (MRI) and computational fluid dynamics have established the role of decreased ESS in the evolution of atherosclerotic lesions in various vascular sites. 15, 16 Current molecular and cellular research has clarified in detail the pathophysiological mechanism involved in the development of atherosclerosis on the basis of increased ESS, leading to the formation of fibroatheromas with a thin fibrotic layer, presumed to be "vulnerable plaques", responsible for triggering acute coronary syndromes (ACS). [17] [18] [19] [20] [21] A central determinant in the development and evolution of the atheromatous process is the local remodeling of the arterial wall that occurs as a response to plaque progression and growth, influencing both the natural history as well as the clinical evolution of individuals affected by atherosclerotic disease. The vascular remodeling process is indisputably affected by local hemodynamic factors. 15, 21, [22] [23] [24] ESS represents the tangential force resulting from the friction of blood flow on the endothelial layer of the arterial wall, being expressed in unit of force/unit of surface (N/m 2 or Pascal [Pa] or dyne/cm 2 ; 1 N/m 2 = 1 Pa = 10 dyne/cm 2 ). 25, 26 ESS is correlated with the product of blood viscosity (μ) and the spatial gradient of blood velocity in the wall (μ × dv/dy).
The particularities of a fluid streaming through a tube depend on flow velocity and on the presence of geometric irregularities or obstructions. Fluid flow can be either laminar or turbulent. 25, 27 Laminar flow is characterized by a linear flow, which subsequently can be divided into laminar flow with undisturbed debit, described by a linear flow line, and turbulent laminar flow, which is characterized by areas with reversed flow or a circumferential vortex. 25, 28 In case of turbulent flow, velocity at any point continuously varies in time, even if the flow is stable.
For a certain geometry, both turbulent and laminar flow are determined by the Reynolds number (Re): for low values the flux is laminar, while for high values (typically above 2,000), the flow is turbulent. 7, 10, 29 Certain vascular segments, such as the branching site of arteries, vascular curvatures, bifurcations, as well as downstream from an obstruction, are more prone to develop atheromatous lesions. Even with the systemic effect of cardiovascular risk factors, only a small percentage of coronary lesions lead to an acute clinical event. Therefore, local factors such as ESS are required in the process of development and progression of atherosclerosis.
Arterial geometry determines the shear stress model on the respective arterial segment. The presence of bifurcations, curves, or obstructions modifies flow and the pattern of shear stress. Therefore, intricate interactions between blood flow, viscosity, and arterial geometry generate different patterns of ESS, characterized by direction (unidirectional, bidirectional) and variable degrees of magnitude (low, moderate, high). 30 Moderate shear stress varies between 1.5-3.0 Pa during a cardiac cycle, being identified in almost linear arterial segments, where unidirectional flow is present, with protective effects regarding atherosclerosis. Increased values of shear stress are considered above 3 Pa and are usually measured at the level of a stenotic lesion caused by an atherosclerotic plaque, while a decreased ESS (below 1-1.5 Pa), with a non-turbulent unidirectional flow, generally appears in the inner region of a vascular curve, as well as the upstream region of a stenotic plaque. 31, 32 A low oscillating ESS is characterized by a bidirectional (retrograde) flow, being observed at the level of a collateral branch ostium, downstream of a stenotic lesion, or at the lateral walls of bifurcations. Low and/or oscillated shear stress promotes atherogenesis, being a crucial factor in the development of focal atheromatous plaques. 5, 32 Biomechanical factors contribute substantially to the process of vulnerabilization of atheromatous plaques, with subsequent development of an acute cardiovascular or cerebrovascular event via plaque erosion, rupture, and subsequent thrombosis. Atherosclerotic plaques are characterized by a lipid-rich necrotic core and a thin fibrous cap which delineates the core from the vascular lumen, preventing contact between its thrombogenic content and the blood flow. Plaque rupture is caused by thinning of the fibrous layer, which makes it susceptible to the effect of hemodynamic mechanical forces. The concentration of col-lagen in the plaque cap is crucial for the resistance of the fiber layer against these forces. 33, 34 Excessive and expansive plaque remodeling with low shear stress and intense matrix metalloproteinase (MMP) activity has been linked to a high vulnerability degree of atheromatous plaques. [35] [36] [37] The underlying mechanisms that are accountable for plaque erosion have not been as profoundly studied as the processes that may lead to plaque rupture. However, most plaque erosions occur in the downstream region of the atherosclerotic lesion, which is exposed and characterized by a low local ESS. Areas with decreased shear stress are characterized by increased endothelial cell turnover, endothelial cell apoptosis, and endothelial glycocalyx, which leads to endothelial denudation. Consequently, a reduced ESS is involved in the pathogenesis of plaque erosion. An increased proteolytic function of MMP and a reduced collagen synthesis in places with reduced ESS may influence the thinning of the fiber layer, which increases the risk of plaque rupture. [38] [39] [40] The detrimental role of ESS in the initiation and progression of atherosclerosis shown in animal studies underlies the importance and need of a validated study on human subjects. The pattern of shear stress depends on the arterial geometry and the type of blood flow, and a precise 3D reconstruction of vascular geometry and coronary blood flow is the premise for the estimation of ESS. These data are obtained using intravascular imaging methods such as IVUS and optical coherence tomography (OCT), as well as noninvasive imaging methods such as computed tomography angiography.
Early studies on human subjects have been published a decade ago, demonstrating that ESS is a significant factor in the progression of atherosclerotic plaques, as well as in the process of vascular remodeling. 15, 22 Stone et al. stated that the progression of atheromatous plaques was observed almost exclusively in areas with decreased ESS and may be associated with an expansive or constrictive remodeling process of the underlying vasculature. Further studies conducted by Samady et al. supported the role of shear stress in coronary disease as well, linking the progression of plaques with low values of ESS. These researches have contributed considerably to investigating and clarifying the role of ESS in the initiation and development of atherosclerosis; however, these studies were limited by a low number of included subjects. Other studies have focused on the evaluation of shear stress in interventional cardiology and its dynamics following stent implantation procedures. Neointimal hyperplasia, neoatherosclerosis, and in-stent restenosis are the interventional cardiologist's enemies. [41] [42] [43] Shear stress has recently been studied as an influencing factor on the prognosis and clinical evolution of patients following stent angioplasty. Stent implantation leads to endothelial and arterial wall damage, which will alter the local geometry and blood flow (flow separation, recirculation). 44 After the introduction of drug-eluting stents, there has been a considerable decrease in the frequency of in-stent restenosis and neointimal hyperplasia, which had been relatively high in the era of bare-metal stents. Several studies sustain the theory according to which ESS leads to in-stent neointimal hyperplasia and neointimal neo-atherosclerosis, which requires the search for optimal positioning strategies and stent structure. [45] [46] [47] Shear stress apparently does not influence the arterial wall under the stent struts, perhaps due to the altered, compressed arterial structure. 45, 48 thE bEnEfIts of bIoREsoRbablE stEnts Bioresorbable stents have several potential advantages over drug-eluting stents, including:
1. Reduction of adverse events such as stent thrombosis: the stent itself is temporary, the release of active substance is secured by the stent until the vessel is healed, and there is no foreign material such as non-endothelialized stent struts or polymers of the active substance (which are triggers for intrastent thrombosis) that may persist for a prolonged period. 2. Removal of the rigid vascular binding by bioresorption can facilitate the recovery of vasomotricity, shear stress adaptability, and late vascular expansion. Furthermore, it can reduce the collateral ostial obstruction problems observed in metallic stents. 3. Reduction of bleeding complications: once the bioresorption of the temporary stent has been completed, the dual antiplatelet therapy may be suspended. This is a particularly relevant feature, as the elderly, with the highest risk of hemorrhagic complications, benefit from an increasing proportion of invasive interventions for the treatment of ischemic coronary artery disease. 49 Furthermore, the premature discontinuation of dual antiplatelet therapy after the implantation of drug-eluting stents for any indication has been shown to be an independent predictor of intrastent thrombosis. 50 4. Improvement of future therapeutic options: interventional therapy of complex multivascular coronary disease involves the use of multiple, long, drug-eluting stents. For example, in the SYNTAX trial, an average number of 4 stents were used, and in 1 out of 3 patients the implanted stents were longer than 100 mm. In such cases, repetitive revascularization, either interventional or surgical, may be potentially challenging due to the metallic embossing formed by previously implanted drug-eluting stents. The use of bioresorbable stents would not restrain a future percutaneous revascularization procedure or any surgical interventions. 5. The possibility to use imaging techniques such as angiography, computed tomography (CT), or MRI for follow-up of stents. Right now, metallic stents make it difficult to interpret such images because they leave a metallic artefact. Poly-L-lactic acid/ amorphous calcium phosphate bioabsorbable stents are not metallic, thus they should not hinder the usage of CT or MRI; once bioresorption has been finalized, bioresorbable stents do not impair the use of CT or MRI for the evaluation of stent and vessel permeability. This could mean that such noninvasive imaging techniques could become an alternative to invasive imaging in the long-term follow-up of patients. 50 6. The local release of active substances: the duration of bioresorption is influenced by the type of utilized polymer. A controlled release of multiple substances could be obtained through the early release of antiproliferative agents from the outer polymer layer of the stent, in conjunction with the late release of anti-inflammatory agents from polymers that are located in the stent structure. 7. Aid in decreasing patient concern regarding stent implantation, aiming to conquer the fears of patients who will live with this implant for the rest of their life. 51 One of the biggest hopes concerning bioresorbable stents is that after bioresorption is complete, the stented vascular segment will regain its normal function and will be completely free of foreign bodies; this in fact minimizes the possibility of thrombotic events later on and eliminates the need for double antiplatelet treatment regiments on long term. Bioresorbable scaffolds could have the potential to eliminate certain factors that contribute to late stent thrombosis such as delayed epithelialization, chronic inflammatory response, and hypersensitivity local reaction. 52 A lower incidence of stent thrombosis has been observed in patients treated with a biodegradable polymer stent versus a durable polymer stent (0.4% vs. 1.8%, p = 0.004). 53 Notably, a recently published study has found that patients undergoing simple coronary angioplasty are at risk of developing late stent thrombosis, which could indicate that bioresorbable stents cannot eliminate this complication entirely. 54 Metallic stents seem to not protect the blood vessel against neoatherosclerosis or progression of plaques. It is postulated that the implantation of bioresorbable scaffolds could offer a coating that is symmetric and uniform, which, alongside the delayed expansion of the interior lumen and the absence of a permanent prosthesis, could help in the stabilization of vulnerable plaques and thus prevent future cardiovascular events. 55 This is a very tempting idea, and it is supported by studies based on the concept of stabilizing plaques by stenting and by the fact that bioresorbable stents offer a coating that is fibrous, symmetric, circumferential, with a normally functioning endothelium, a delayed extension of the lumen and normal distribution of shear stress. 55 The IVUS analysis of ABSORB bioresorbable scaffolds between 6 months and 2 years has uncovered a significant reduction of plaques without modifying the structure of the vascular wall. 56, 57 thE adVantagEs of bIoREsoRbablE stEnts In REstoRIng thE noRmal blood floW In thE coRonaRy aRtERIEs Bioresorbable scaffolds are considered a very important leap in the field of percutaneous transluminal coronary angioplasty. 58 They have been conceived for the purpose of bypassing certain disadvantages of metallic drug-eluting stents such as, for example, the chronic local inflammatory reaction, the absence of physiological vascular mobility, late stent thrombosis, and, last but not least, the possibility of cardiovascular bypass further on. 18, 19, 59, 60 Bioresorbable scaffolds function in a three-phase system: revascularization, restoration, and resorption. In the first phase, bioresorbable stents are meant to mimic the characteristic of drug-eluting metal stents, this meaning the expansion of stents with minimum rebound and high radial force, and the controlled release of antiproliferative substances. Thus, in the restoration stage, vascular motricity is reestablished and the transitioning from an active support to a more passive one begins. The last stage, resorption, is characterized by degradation and metabolization of the stent. 61 Stents have been developed to prevent and to manage the complications of percutaneous transluminal coronary angioplasty, mainly acute vascular obstruction determined by arterial dissection, elastic recoil, late constrictive remodeling, and neointimal proliferation. Ideally, the coverage provided by bioresorbable stents in the first months should be as good as the one provided by metallic stents. 62 Poly-L-lactic acid is a biodegradable, thermoplastic, aliphatic polyester, which suffers autocatalytic hydrolytic degradation to normal lactic acid, which is then metabolized into carbon dioxide and water. Bioresorbable stents based on this kind of substance are made from a combination of semi-crystalline polymers (which provide mechanical strength) and amorphous polymers (which provide the ability to release the active substance at the desired time). The degradation process is influenced by the crystallization level of the polymers and can vary from 2 to 4 years. 63 Metallic stents can alter the geometry and biomechanics of the blood vessel; furthermore, chronic irritation and turbulent blood flow favor neointimal proliferation and adverse effects. 64, 65 Bioresorbable scaffolds offer the potential of preserving vascular geometry. The ABSORB bioresorbable stent is more compliant than a metallic one, this in fact determines less lesions at the site of vascular angulations. 56 It has been observed in 6-to 12-month follow-ups that bioresorbable stents tend to restore the normal configuration of the coronary vessel, as opposed to metallic stents which alter coronary geometry forever. 66 A series of studies using drug-eluting stents have reported abnormal vasomotricity in the distal segment of the blood vessel after stenting, this limiting the blood flow and thus predisposing the patient to late in-stent thrombosis. Bioresorbable scaffold technology has been described as a reconstructive vascular therapy. After bioresorption, these stents promise the restoration of dynamic vasomotricity, pulsatility, distensibility and mechano-transduction, demonstrating the ability to transform mechanical forces into chemical signals (mediated by nitric oxide and prostacyclin). 56 Cohort A from the ABSORB trial showed that the stented segment had vasomotricity after administering acetylcholine at 2 years after stent implantation. 14 
shEaR stREss In athERosclERotIc plaquEs tREatEd WIth bIoREsoRbablE stEnts
A recent study has indicated the importance of hemodynamic factors in neointimal response after the implantation of ABSORB bioresorbable stents. This led to an improvement of stent design in order to make them more ergonomic. 48 The same study suggested that the evaluation of the stented artery from the perspective of shear stress should be carried out by fusing images from OCT with invasive angiography, which are superior to the images resulted from fusing images provided by IVUS with angiography. 67 Bioresorbable medical tools have been gaining ground in recent years; however, a lot of questions remain unanswered, mainly because it is not known how these devices will fade in the long run. These questions are especially important in bioresorbable coronary stents, in which late stent thrombosis may occur. [68] [69] [70] [71] The mechanism proposed for these kinds of complications imply dismantling of the polymer and late stent inflammation. 72, 73 However, there are other factors that collide when this kind of complication occurs, one being the local dynamic blood flow. Other factors that can be incriminated in stent thrombosis are neointimal abnormal regeneration, uncovered struts, and wrong placement of the stent. 17, 74 In some cases, local suboptimal hemodynamic characteristics, right after the implantation of a bioresorbable scaffold, could contribute to a bad neointimal proliferation, uncovered struts, and poor stent positioning. 75 With the permanent presence of struts in the lumen, the stent is exposed to extreme shear stress, which activates the platelets. 76 The distal regions are predisposed to lower shear stress and higher viscosity, in which case the activated thrombocytes can aggregate.
The dynamic attribute of the blood flow directly regulates vascular biology and influences the development of atherosclerosis. 77, 78 Abnormally high or low ESS has been correlated with the progression, vulnerability, and maybe even with the rupture of atherosclerotic plaques and subsequent thrombosis. 21, [79] [80] [81] Remarkably, due to the resorption of scaffold material in time, the coronary arteries that were treated with such devices develop a partial return of vasomotricity, which completes the latent lumen expansion, this way stabilizing the plaque. 47, 76, 82, 83 It is believed that some of these observations may be correlated with the normalization of blood flow after the implantation of bioresorbable scaffolds.
We must keep in mind the therapeutic objectives of this technique. The final goal can sound abstract and theoretical, but it has a name: endothelial shear stress. Normal shear stress has to be the main criteria for an optimal implantation; this means optimal stent apposition, no protrusion of struts in the vascular lumen that can disturb the blood flow, no significant difference between the diameter of the proximal and distal end of a stented segment (in other words the perfect incorporation of stents in the vascular wall), no asymmetry of the blood vessel, and a bioresorbable scaffold/artery ratio between 1 and 1.1. 84 In fact, only intravascular imaging techniques can accurately evaluate the criteria mentioned above for optimal implantation. Only OCT with a resolution of 20 microns can examine the blood vessel and the interaction with the bioresorbable stent for the required precision. 84, 85 The possibility of identifying a pathologic alteration of shear stress using computational simulations based on fluid dynamics in the coronary regions, after the implantation of a stent, as well as achieving dynamic simulations, could open up new horizons for percutaneous transluminal coronary revascularization.
conclusIons Current knowledge suggests that low or oscillating shear stress has an important role in the development of atherosclerosis. Furthermore, the affected vascular segment has a higher endo-thelial turnover. Even though risk factors affect the entire vascular system, atherosclerotic le-sions develop only in certain areas such as arterial branching sites, curvatures, bifurcations, or distal from a stenotic lesion. This observation emphasizes the role of local hemodynamic fac-tors in the development and progression of atherosclerotic plaques.
The most important advantage of using bioresorbable scaffolds is that after bioresorption is completed, the affected segment regains its normal physiological functions. Other important advantages include a lower risk of major cardiac events or bleeding complications, associated with the possibility to use modern imaging techniques for stent follow-up.
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